Mx proteins form a family of interferon (IFN)-induced
Alpha/beta interferon (IFN) induces antiviral activity in cells and forms an important early line of defense against virus infection in vertebrates. In mammals, it is well documented that antiviral activity is mediated by several IFN-inducible proteins, among which the Mx proteins are some of the most studied (10) . Mx proteins belong to the dynamin superfamily of large GTPases and were originally identified as the single dominant determinant of influenza virus A resistance in a strain of mice (15, 27) . Antiviral activity due to IFN has been demonstrated in a number of fish species in vitro and in vivo (8) . Recently, alpha/beta IFNs were cloned from zebra fish (1), Atlantic salmon (35) , and channel catfish (28) . Atlantic salmon IFN has been shown to have an antiviral effect against infectious pancreatic necrosis virus (IPNV) in salmon cells (35) , but the mode of action has not been elucidated. A correlation between the inhibition of IPNV and Mx protein expression has, however, been observed in IFN-stimulated salmon cells (16, 31) . Mx cDNAs encoding two different Mx proteins have been cloned from Atlantic salmon (36) . Salmon Mx proteins have been shown to be induced by poly(I-C) and macrophagederived IFN supernatants (17) and recently also by recombinant Atlantic salmon IFN (35) .
The importance of Mx proteins in the IFN response of vertebrates is suggested by the presence and conservation of Mx genes in mammals (14) , birds (4, 5) , and teleost fish (18, 24, 33, 36, 42, 43) . Until recently, however, antiviral activity had been established only for Mx proteins of mice (2) , rats (30) , and humans (12) . In mice and rats, both nuclear and cytoplasmic Mx protein forms exist, and the antiviral specificity correlates with their subcellular locations (25) . Human MxA, located in the cytoplasm, has a broader antiviral spectrum and inhibits viruses replicating both in the cytoplasm and in the nucleus. This group includes viruses with both negative and positive single-stranded RNA genomes and a virus with a DNA genome (11, 12) . The mechanism by which MxA can inhibit such a variety of viruses is still unknown, but several reports suggest a direct interaction of Mx proteins and viral targets (20, 22) . Mx proteins from chickens and birds first appeared to be devoid of antiviral activity (4, 5) . However, a closer examination of different chicken breeds revealed polymorphisms of the Mx gene and confirmed the antiviral activity of Mx proteins from some breeds against influenza virus and vesicular stomatitis virus (VSV) (19) . Recently, it was also found that pig Mx1 confers resistance to VSV (3) . The antiviral effects of fish Mx proteins have been uncertain. Rainbow trout Mx proteins expressed by transient transfection of trout cells had no apparent inhibitory effect against replication of the rhabdovirus infectious hematopoietic necrosis virus (IHNV) (41) . On the other hand, a recent study reported that the replication of fish rhabdoviruses was reduced in a fish cell line transfected with Japanese flounder Mx proteins (6) .
IPNV is strongly inhibited in salmon cells expressing high levels of Mx proteins after treatment with IFN or poly(I-C) (16, 17, 31, 35) . This makes it an interesting candidate virus for testing the antiviral activity of Atlantic salmon Mx proteins. IPNV is a naked bisegmented double-stranded RNA (dsRNA) virus belonging to the family Birnaviridae (7). Aquatic birnavirus has a worldwide distribution and can infect a range of species of fish and shellfish. IPNV is one of the most economically important viral pathogens of Atlantic salmon, causing problems in young fish and in smolts after transfer from freshwater to seawater. A better understanding of the IFN system and its mode of action against viruses might be useful in developing new strategies to control IPNV.
In the present work, the antiviral activity of Atlantic salmon Mx1 protein (ASMx1) against IPNV was studied by establish-ing Chinook salmon embryo (CHSE-214) cells expressing ASMx1 constitutively. ASMx1 expression was found to inhibit the virus-induced cytopathic effect (CPE) and viral protein synthesis and to reduce the transcription of viral RNA. These findings support the notion that fish Mx proteins have an important role in innate antiviral immunity. Moreover, the list of viruses inhibited by Mx proteins is extended to include dsRNA viruses.
MATERIALS AND METHODS
Cell cultures and virus. CHSE-214 cells were grown in Eagle's MEM (EMEM) containing 100 g of streptomycin per ml, 100 U of penicillin per ml, 2 mM L-glutamine, 1% nonessential amino acids, and 7.5% fetal bovine serum (FBS; EuroClone, Milan, Italy) in 5% CO 2 at 20°C. Transfected cells were maintained in culture medium containing 500 g of phleomycin D1 (Zeocin; Invitrogen, Groningen, The Netherlands) per ml. IPNV strain Sp, kindly provided by the Norwegian Institute of Fisheries and Aquaculture (Tromsø, Norway), was propagated in CHSE-214 cells at 15°C as described previously (16) . Virus titers were calculated by the 50% tissue culture infective dose (TCID 50 ) method (34) .
Antibodies. A polyclonal rabbit antibody (anti-RBTMx3) generated against a fragment of the rainbow trout Mx3 protein prepared as described previously (41) was used for the detection of Mx protein. The plasmid used to express the rainbow trout Mx3 protein fragment was a gift from Jo-Ann C. Leong (Department of Microbiology, Oregon State University, Corvallis). For the detection of IPNV proteins, Karen Elina Christie (Intervet Norbio, Bergen, Norway) kindly provided a polyclonal rabbit anti-IPNV serum raised against purified IPNV. The antibody gives a higher intensity for VP3 than for VP2 in Western blots, indicating that VP3 mainly contains linear epitopes while VP2 contains more conformation-dependent epitopes. The antiserum was diluted (1:3) in phosphatebuffered saline (PBS) and then incubated with a monolayer of Atlantic salmon TO cells for 2 h at 15°C. It was further purified through a HiTrap affinity column (Amersham Pharmacia Biotech, Uppsala, Sweden) according to the manufacturer's instructions.
Generation of an ASMx1-expressing cell clone. The ASMx1 gene (36) was cloned between the EcoRI and NotI sites of the eukaryotic expression vector pcDNA3.1/Zeo(ϩ) (Invitrogen) so that it was under the control of the cytomegalovirus promoter. The gene for green fluorescent protein (GFP) was cloned into the same expression vector as a negative control. To obtain cells permanently expressing ASMx1 or GFP, monolayers of CHSE-214 cells seeded in six-well culture plates (5 ϫ 10 5 cells per well) were transfected with 1 g of plasmid pcDNA3.1/Zeo-ASMx1 or pcDNA3.1/Zeo-GFP together with 3 l of Fugene (Roche, Indianapolis, Ind.) diluted in 30 l of serum-free EMEM for 24 h. Transfected cells were selected in culture medium containing 500 g of phleomycin D1 per ml and grown in monolayers. Resistant colonies were examined for Mx protein expression by Western blot analysis, and colonies positive for Mx protein expression were subjected to subcloning by limiting dilution. GFP-transfected cells were examined for GFP expression by using a fluorescence microscope (Nikon Diaphot TMD) with a fluorescein isothiocyanate filter.
IFN stimulation and transfection with poly(I-C). As positive controls for antiviral activity and Mx protein expression, CHSE-214 cells grown in monolayers were incubated for 24 h with 1:200 dilutions of supernatants from HEK293 cells transfected with the Atlantic salmon IFN-␣1 gene as described previously (35) . As a positive control for reverse transcription (RT)-PCR analyses, CHSE-214 cells were transfected with poly(I-C) (Amersham Pharmacia Biotech), which is a potent inducer of alpha/beta IFN (16) . Poly(I-C) was dissolved in 0.9% NaCl at a concentration of 0.5 mg per ml. CHSE-214 cells seeded in six-well culture plates (5 ϫ 10 5 cells per well) were transfected with 0.1 g of poly(I-C) together with 3 l of Fugene dissolved in 30 l of serum-free EMEM for 24 h. Fresh culture medium was added, and the cells were grown for 24 h before being harvested or infected.
Indirect immunofluorescence staining of Mx proteins. Cells seeded in 96-well culture plates (2.5 ϫ 10 4 cells per well) and grown for 3 days were fixed with 3% paraformaldehyde solution in PBS for 20 min. After being washed with PBS, the cells were permeabilized with 0.1% Triton X-100 in PBS for 10 min. The cells were washed once in PBS and blocked with 5% dry milk in PBS for 30 min before being incubated for 1 h with primary antibody dissolved in 0.5% dry milk. Anti-RBTMx3 was used to detect Mx protein expression. The cells were washed for 10 min with PBS and incubated with secondary antibody for 30 min. Alexa 594-goat anti-rabbit immunoglobulin G (Molecular Probes Europe BV, Leiden, The Netherlands) diluted 1:200 in PBS was used as the secondary antibody. Finally, the cells were washed for 10 min with PBS and examined by using a fluorescence microscope (Nikon Diaphot TMD) with a Texas red filter.
Cell growth curves. Growth curves for the ASMx1-expressing clone as well as for GFP-expressing cells and untreated control CHSE-214 cells were obtained. Cells were seeded in 96-well culture plates (2 ϫ 10 4 cells per well) in quadruplicate, and nuclei were counted daily in a Bürker chamber after the addition of lysis buffer (0.1 M citric acid, 1% Tween 20, 0.05% crystal violet). The experiment was done twice.
Infection with IPNV. Cells grown in monolayers at 20°C for 3 days were washed once with EMEM, and IPNV diluted in EMEM without serum was added at a multiplicity of infection (MOI) of 0.1. Virus was allowed to adsorb for 1.5 h at 15°C. For cells grown in 96-well or 24-well culture plates, culture medium with 4% FBS was added to give a final concentration of 2% FBS. For cells grown in six-well culture plates, virus was removed before culture medium with 2% FBS was added. Infected cells were incubated in 5% CO 2 at 15°C.
Analysis of antiviral activity. A cytopathic effect (CPE) reduction assay (29) and a virus yield reduction assay were used to study the antiviral activity of the ASMx1-expressing clone. The CPE reduction assay measures the protection of cells against virus-induced lysis by calculating the percentage of surviving cells during virus infection. Cells were seeded in 96-well culture plates (2.5 ϫ 10 4 cells per well); 12 parallel wells were infected with IPNV, while 4 parallel wells were kept as uninfected controls. At 3 days postinfection, when CPE was evident in untreated, infected control cells, the cells were washed once with PBS and fixed and stained for 10 min with 1% crystal violet in 20% ethanol. The cells were washed three times with distilled water before the stain was dissolved in 100 l of 50% ethanol containing 0.05 M sodium citrate and 0.05 M citric acid. Dye absorbance was measured at 550 nm with a SpectraMax 190 (Molecular Devices). The results are presented as the percentage of surviving cells, whereby 100% represents the dye absorbance of uninfected cells treated in the same way as infected cells. For the virus yield reduction assay, culture supernatants from infected wells were pooled when CPE was evident and stored at Ϫ70°C until titration. Titration was done with CHSE-214 cells by the TCID 50 method (34) . Since viruses were not removed during infection, the amount of infectious units added was subtracted from the final titers to obtain the virus yield.
Western blot analyses of Mx and IPNV proteins. Cells seeded in 24-well culture plates (2 ϫ 10 5 cells per well) were washed once with PBS, lysed with 50 l of sodium dodecyl sulfate (SDS) gel sample buffer (0.1 M Tris-HCl [pH 6.8], 0.2 M dithiothreitol, 2% SDS, 20% glycerol, 0.1% bromophenol blue), boiled for 5 min, and centrifuged for 5 min at 20,800 x g. Cell extract (15 l) was applied to each lane and subjected to SDS-10% polyacrylamide gel electrophoresis in a Bio-Rad II electrophoresis cell. MagicMark Western Standard (Invitrogen) was included on each gel for molecular mass estimation. Blotting, blocking, and antibody incubation were performed as described previously (17) . Polyclonal rabbit anti-RBTMx3 antibody and polyclonal rabbit anti-IPNV antibody were used for the detection of Mx and IPNV proteins, respectively. Horseradish peroxidase-conjugated goat anti-rabbit antibody (Santa Cruz Biotechnology, Inc., Santa Cruz, Calif.) diluted 1:10,000 was used as the secondary antibody. Detection was performed by using SuperSignal West Pico chemiluminescent substrate (Pierce, Rockford, Ill.). To ensure equal protein loading, membranes were stripped and immunostained for actin by using polyclonal antiactin antibody (Sigma, St. Louis, Mo.) diluted 1:500 as the primary antibody (17) . To compare Mx protein expression levels, the densities of Mx protein bands and actin bands were measured by using NHI Image 1.62/ppc software. The values for the Mx protein bands were normalized to the actin band values. RT-PCR assay for detecting IFN, Mx protein, and VP2 expression. Cells were seeded in six-well culture plates (5 ϫ 10 5 cells per well) in two parallel rows, and total RNA was isolated at selected times by using Trizol reagent (Invitrogen) in accordance with the manufacturer's instructions. RNA (1 g) from each sample was reverse transcribed into cDNA at 42°C for 60 min. Synthesis was performed with 20 l of buffer containing 50 mM Tris-HCl, 75 mM KCl, 3 mM MgCl 2 , and 10 mM dithiothreitol (pH 8.3) and supplemented with 0.5 g of random hexamers, 0.5 mM deoxynucleoside triphosphates, 20 U of RNasin, and 200 U of Moloney murine leukemia virus reverse transcriptase (all from Promega, Mannheim, Germany). Five percent of the resulting cDNA was used as a template in each PCR. A 220-bp fragment was amplified by PCR with Atlantic salmon IFN-specific primers (5Ј-ATAGATGATGGCGAGGTTGAGGAC-3Ј and 5Ј-T CAACTTCTTGAAGTAGCGTTTCAG-3Ј) (35) . The following conditions were applied: 96°C for 2 min and 34 cycles of 96°C for 20 s, 57°C for 20 s, and 72°C for 20 s. The identity of the PCR product was confirmed by DNA sequencing. Sequence analysis revealed 97% identity between the Chinook salmon and Atlantic salmon IFN genes in this region.
For analysis of the transcription of IPNV genes, primers with specificity for the To confirm that all of the samples contained the same amount of cDNA, PCR was also performed with actin-specific primers (5Ј-CACTCAACCCCAAAGCC AACAGG-3Ј and 5Ј-AAAGTCCAGCGCCACGTAGCACAG-3Ј) under the following conditions: 96°C for 2 min and 20 cycles of 96°C for 20 s, 68°C for 20 s, and 72°C for 20 s.
RESULTS

Generation of CHSE-214 cells constitutively expressing
ASMx1. In order to investigate the antiviral effect of ASMx1, we wanted to establish a salmonid cell line expressing ASMx1 constitutively. This was achieved by transfecting CHSE-214 cells with a plasmid containing the phleomycin D1 resistance gene and the ASMx1 gene under the control of the cytomegalovirus promoter and subsequently selecting for phleomycin D1-resistant cells. CHSE-214 cells were chosen because they can be grown in single colonies and because they showed higher transfection rates than Atlantic salmon cell lines. Individual colonies were isolated, grown, and tested for the expression of Mx protein by Western blotting (data not shown). Positive colonies were subjected to subcloning by limiting dilution, and one clone was selected for further studies. CHSE-214 cells permanently transfected with GFP were generated as a negative control. CHSE-214 cells stimulated with recombinant Atlantic salmon alpha/beta IFN (35) were used as a positive control. Control cells and the ASMx1-transfected clone were analyzed for Mx protein expression by indirect immunofluorescence. As shown in Fig. 1a , the ASMx1-transfected clone consisted of a heterogeneous population of cells with variable Mx protein expression levels. As expected, the majority of CHSE-214 cells stimulated with recombinant IFN showed a relatively high level of expression of Mx protein, while GFP-transfected cells showed no expression of Mx protein. Both IFN-treated cells and cells transfected with ASMx1 appeared to express Mx protein in the cytoplasm (Fig. 1a) .
To and untreated cells served as negative controls. Poly(I-C)-transfected cells gave rise to one PCR product (Fig. 1b) , which was confirmed to originate from IFN transcripts by cloning and sequencing. In contrast, no IFN transcripts were detected in the ASMx1-expressing clone or the GFP-transfected cells and untreated cells. These results reveal that IFN is not induced in the ASMx1-expressing CHSE-214 clone. The influence of ASMx1 and GFP on cell growth was assessed (Fig. 1c) , but no significant difference in the growth rates of transfected cells and untreated control cells was seen.
Protection against IPNV-induced CPE in the ASMx1-expressing clone. The CPE reduction assay (29) and the virus yield reduction assay were used to measure the antiviral activity of the ASMx1-expressing clone. CHSE-214 cells stimulated with recombinant IFN served as a positive control, while GFPexpressing cells and untreated CHSE-214 cells were included as negative controls. The ASMx1-expressing clone and control cells grown in 96-well culture plates were infected with IPNV. When untreated control cells showed distinct CPE, at about 3 days postinfection, supernatants were harvested and cells were fixed and stained with crystal violet. The stain was dissolved, and the OD 550 was measured. The ASMx1-expressing clone and IFN-stimulated cells showed survival rates of 99 and 88%, respectively (Fig. 2a) . GFP-expressing cells and untreated cells, on the other hand, showed a survival rate of only about 10%. The experiment was repeated three times, and small variations in protection were observed; however, the ASMx1-expressing clone always showed considerably higher survival rates than negative control cells, as did IFN-stimulated cells.
These results were confirmed by the virus yield reduction assay. Cell supernatants from infected cells were harvested before fixation, and the TCID 50 was measured. As shown in Fig. 2b , virus yield was about 500-fold lower in the ASMx1-expressing clone and IFN-stimulated cells than in GFP-expressing and untreated control cells. These results indicate that Mx proteins have an antiviral effect against IPNV in vitro.
Unfortunately, the antiviral activity of the ASMx1-expressing clone was lost after a few passages in selective medium. As shown in Fig. 3a , passages 2 and 3 showed almost full protection against virus-induced CPE; in contrast, in passages 4 to 6, less than 30% of cells survived. These results were confirmed by more than a 100-fold-higher virus yield for passages 4 to 6 than for passages 2 and 3 (Fig. 3b) . The virus yield for passages 4 to 6 was similar to that for untreated control cells. To investigate whether the loss of the antiviral effect was due to a reduction in Mx protein expression, the Mx protein level in each passage was assessed by Western blotting. ASMx1 expression in passages 4 to 6 was twofold lower than that in passage 2 (Fig. 3c) . These experiments were repeated three times. The passage at which antiviral activity disappeared varied between the experiments but was always associated with decreased Mx protein expression. In contrast, no decrease in GFP expression was apparent during the passaging of GFP-transfected cells. (Fig.  4) . In contrast, the synthesis of viral proteins was not detectable in the ASMx1-expressing clone or in IFN-stimulated cells at 48 h postinfection. These results indicated that IPNV protein synthesis was inhibited in the presence of ASMx1.
The influence of ASMx1 on viral transcription was examined by RT-PCR with primers specific for the VP2 segment of the IPNV genome. Total RNA was harvested from monolayers of the ASMx1-expressing clone at 24 h after infection with IPNV. Poly(I-C)-transfected cells were used as a positive control, and GFP-transfected cells and untreated CHSE-214 cells were 
DISCUSSION
The anti-IPNV activity of Atlantic salmon alpha/beta IFN is well established (17, 31, 35) , but the mechanisms involved have not been studied earlier. A correlation between inhibition of IPNV and Mx protein expression in IFN-stimulated salmon cells has, however, been observed (16, 31) . In the present work, CHSE-214 cells constitutively expressing ASMx1 were used to examine the antiviral properties against IPNV. Several lines of evidence confirm the antiviral activity of ASMx1 against IPNV: (i) protection against virus-induced lysis shown by the CPE The antiviral activity of fish Mx proteins has been uncertain because cells transfected with three rainbow trout Mx genes were found not to inhibit replication of the rhabdovirus IHNV (41) . However, a recent study reported that replication of fish rhabdoviruses was reduced in a fish cell line transfected with Japanese flounder Mx protein (6) . The present work further adds to the body of evidence which suggests that antiviral activity is a major functional role of vertebrate Mx proteins.
ASMx1 was found to be expressed in the cytoplasm (Fig. 1a) . This finding is in accordance with the antiviral effect induced against IPNV, which replicates in the cytoplasm (7). Endogenously expressed Atlantic salmon Mx proteins were also located in the cytoplasm and not in the nucleus (unpublished data). This finding indicates that Atlantic salmon express Mx proteins only in the cytoplasm, as is the case for chickens. Human MxA is expressed in the cytoplasm and has a wide antiviral spectrum against different viruses, irrespective of their intracellular replication site (12) . Chicken Mx protein was recently found to inhibit both influenza virus and VSV replicating in the nucleus and cytoplasm (19) . In rodents, on the other hand, both nuclear and cytoplasmic Mx protein forms exist, and their antiviral specificity correlates with their subcellular location. Mx1 is located in the nucleus and inhibits orthomyxoviruses, which replicate in the nucleus, while Mx2 accumulates in the cytoplasm and inhibits rhabdovirus and bunyavirus, which replicate in the cytoplasm (25) . To further investigate the antiviral spectrum of ASMx1, it would be of interest to examine antiviral properties against fish rhabdoviruses such as viral hemorrhagic septicemia virus and IHNV and fish orthomyxoviruses such as infectious salmon anemia virus.
The mechanism by which ASMx1 inhibits IPNV proliferation is still not known although viral transcripts were reduced in the ASMx1-expressing clone. Mammalian Mx proteins appear to interfere with viral replication at different stages depending on host cell and virus combinations. Mouse Mx1 protein interferes with primary transcription of orthomyxviruses, probably by interaction with the polymerase (32, 40) . Human MxA protein appears to interfere with different stages of replication, depending of the virus species and the site of replication. The rhabdovirus VSV and measles virus are inhibited at the level of primary transcription (37) (38) (39) . In the case of the orthomyxovirus Thogoto virus, MxA binds to the nucleoprotein, preventing the infecting particle from entering the nucleus and thereby blocking transcription of the viral genome (20, 21) . MxA is also found to interact with the nucleoprotein of La Crosse virus and other bunyaviruses, causing the depletion of nucleoprotein from the replication site near the Golgi apparatus (22) . Through physical interactions with viral nucleoproteins, MxA may thus direct viral components to other locations, where they become unavailable for the generation of new virus particles (13) . For hepatitis B virus, no interaction between nucleocapsids and MxA was, however, detected. MxA was instead found to inhibit the export of viral RNAs from the nucleus (11) . Certain viruses, such as Semliki Forest virus and measles virus, are inhibited by MxA in a cell type-specific manner, suggesting that unknown cellular factors may influence antiviral activity (23, 37) . In future studies, it will be of particular interest to study whether ASMx1 binds to any IPNV proteins.
The antiviral effect of ASMx1-transfected CHSE-214 cells was lost after several passages in selective medium ( Fig. 3a and  b) , raising the question as to whether this was due to a decrease in Mx protein expression. A progressive decrease in ASMx1 expression with passaging was indeed documented (Fig. 3c) . The possibility that high-level expression of ASMx1 interferes with cell growth was excluded by the demonstration of similar growth rates in ASMx1-and GFP-expressing cells and untreated control cells. There is, however, a possibility that ASMx1 might have disturbing effects on cell functions, causing Mx gene expression to be suppressed by silencing or other mechanisms. This hypothesis is supported by the fact that the GFP gene and the gene for phleomycin D1 resistance remained expressed after several passages. The fact that ASMx1 was expressed at different levels in the permanently transfected cells adds to the possibility that cells with low levels of expression are selected for during passaging. Incompatibility between high levels of constitutive Mx protein expression and cell function has been reported in several other cases. Permanently transfected chicken cell lines expressing high levels of chicken Mx protein could not be established, suggesting low metabolic stability of chicken Mx protein or incompatibility with cell proliferation (5) . Moreover, attempts to establish transgenic mice expressing Mx protein showed that constitutive expression might be deleterious, eliminating high-level expression of the Mx gene (2) . In addition, overexpression of MxA in patients with Fanconi anemia induces apoptosis, indicating that a loss of control of Mx protein expression is deleterious for the organism (26) .
The fact that cell passages with no antiviral activity still expressed ASMx1 (Fig. 3) , although in smaller amounts, suggests that Mx protein expression must be at a certain level for full inhibition of IPNV replication to occur. Also, for human MxA it has been shown that the extent of viral inhibition correlates with the amount of MxA protein in infected cells (9, 23) . Inhibition of IPNV transcription was complete in poly(I-C)-transfected cells, while the ASMx1-expressing clone showed only reduced viral transcription (Fig. 5 ). This finding may be explained by a more uniform expression of Mx protein in poly(I-C)-stimulated cells. In addition, IFN-inducible genes other than the Mx gene are likely to participate in the antiviral activity of poly(I-C)-and IFN-stimulated cells.
In conclusion, the present work demonstrates that the antiviral activity of Mx protein is not restricted to mammals and birds but also includes fish. We display evidence for antiviral activity of ASMx1 against IPNV, providing an explanation for the protective effect induced against IPNV by IFN in salmonid cells. Additional studies are, however, required to further define the mechanism(s) of action of ASMx1, and the antiviral spectrum of ASMx1 has yet to be explored. Moreover, the list of viruses inhibited by Mx proteins is extended to include viruses with a dsRNA genome.
